Petroleum products contamination is a world-wide problem that threatens polluting groundwater and surface water systems. However, the problem is not only large-scale in scope when viewed from a case-by-case basis. Many fueling, construction, agricultural, and industrial activities result in the problem of managing smaller quantities of these soils from an ecological safety perspective. Landfilling has been the disposal method of choice in the US; however, this option is becoming economically prohibitive and it does not really offer a true degradation fate for the pollutants. This study focused on the proving of an innovative biocell design that afforded a high level of petroleum degradation within a simple and cost effective design. Additionally, the design offered a remediation solution for sites not easily accessed. Soil contaminated with both diesel fuel and gasoline collected from a former filling station was used in this on-site remediation case study. Rapid biodegradation of the petroleum products were observed at the initiation of the study with rates leveling off as the study progressed with the final total petroleum hydrocarbon concentration being 10 mg/kg at Day 90. Oxygen uptake rates were monitored and found to nicely track both microbial activity and pollutant removal dynamics. The biocell design met all expectations by being effective, yet simple to build and operate.
Introduction
Petroleum hydrocarbons represent one of the most prevalent types of soil pollution found at contaminated sites world-wide [1] [2] [3] [4] . Sources of this contamination include leaking underground storage tanks, spills, intentional releases, and industrial runoff [5] [6] [7] [8] . Activities generating this contamination include fueling stations, agriculture, construction, military activities, vehicle maintenance areas, powered tool storage, and various industrial operations [9] [10] [11] . With gasoline and diesel fuel being the primary transportation fuels of both consumer and industrial fleets, they also then represent one of the most widespread pollutants found at contaminated sites around the world [2] [12] [13] . Given its relative widespread prevalence, petroleum contamination in soil zones poses a significant threat to the health of the groundwater resources, regardless of the volume of soil contaminated [14] [15] .
A commonly used disposal option for petroleum-contaminated soils is landfilling, which essentially involves placing the contaminated soil within an underground vault [2] [16] . Unfortunately, this option provides limited treatment.
Some argument can be made that biodegradation does occur within a landfill; however, generally strict anaerobic conditions tend to persist within landfills which inhibits the production of oxygenases which are key to the practical biodegradation of most petroleum products, particularly aromatic compounds [17] .
In many cases, appropriately designed landfills are not easily accessible for sites located in isolated areas (a common situation in many developing countries or rural areas of the US). Note that conversations with US Forest Service personnel indicate that some volumes of TPH contaminated soils they manage are not near landfills and are in remote locations making complex remediation methods difficult to implement.
Alternative disposal options to the landfilling for petroleum contaminated soil that are generally considered reasonable options include thermal stripping and biological treatment [2] [16] [18] [19] . Thermal stripping uses elevated temperatures to volatilize the pollutants from the soil matrix [7] [20] [21] [22] . After volatilization, secondary treatment is often utilized in the form of incineration for larger projects and adsorption for smaller ones to purify the resulting vapor stream prior to gas release into the ambient air. Thermal stripping processes are well proven and adequate for removing petroleum contamination. They can be applied with excavated soils or within vadose soil zones [7] . Thermal stripping does often result in the more rapid treatment of the soils over most biological treatment options; unfortunately, thermal treatment generally tends to be costly and involve complex equipment. Conversely, biological treatment or bioremediation systems are simple to implement processes that are reported to be cost-effective treatment options for petroleum contaminated soils [16] [23] .
Initiating the rapid biodegradation of petroleum products in contaminated soil environments is well-proven [11] [24] [25] . For lighter petroleum products, such as diesel fuels and/or gasoline, the simple provision of oxygen, nitrogen/phosphorous (aka. macronutrients), and moisture is usually all that is needed to stimulate effective remediation [23] . With heavier petroleum types, such as motor oil, crude oil, and Bunker C fuels, the addition of co-metabolites, bacterial innocula, and surfactants have been found to be effective [26] [27] [28] ; however, even with these heavier pollutants, generally the provision of oxygen, macronutrients, and moisture usually provides an effective ecosystem for the degradation of the products [29] . The most commonly used biological treatment processes for petroleum hydrocarbon contaminated soils are land farming, bioslurry, and bioventing [6] [8] [11] [17] [30] . These processes utilize living bacteria, typically aerobic organisms, to degrade the pollutants in the soil [17] [28] [31]. Land farming involves spreading the excavated, contaminated soil over a lined land area. This process is cheap, but control of runoff and slow degradation kinetics associated with poor mass transfer of additives tend to limit this process [32] . Bioslurry involves slurrying the excavated, contaminated soil within a stirred bioreactor resulting in rapid kinetics, yet the process is often considered a costly bioremediation option [16] [33] . Bioventing involves placement of horizontal and/or vertical aeration piping into a contaminated soil mass without excavation of the soil [8] [34] . This process is cheap to apply, but does have slower comparative removal kinetics due to limited mass transfer characteristics (however, it does have better mass transfer characteristics compared to most landfarming operations). Composting has also been used for petroleum products [35] ; however, in most cases involving light petroleum products, this more complex process is not needed. Regardless of bioremediation design used, an effective bioreactor system is composed of two key components: the biological mechanism utilized to clean up the soil and the bioreactor unit used to house the organisms responsible for providing the degradation mechanism [6] .
The goal of this project was to develop an innovative reactor design for supporting the biological treatment of the petroleum contaminated soils. Since the actual mechanism of biodegrading petroleum hydrocarbons are well documented and proven [6] [17] [36] , the intent of this project was to evaluate a bioreactor design that could be used with smaller soil volumes; inexpensive to construct; easy to operate; and could be easily constructed on-site for use at remote sites. Yet, the design should provide better mass transfer characteristics than those provided by either land farming or bioventing; thereby, accelerating the rate of degradation. Based on these requirements, a modified biocell design was settled upon.
The biocell design is a fairly established approach for biological treatment that is composed of containerized piles of soil that allow for air to be forced into the pile along with periodic irrigation with nutrient solutions [9] [23] [37] . The advantages to biocell design include: 1) weatherproofing by benefit of the covered design which eliminates both air releases via volatilization and generation of contaminated aqueous runoff, 2) can be implemented without the use of heavy equipment to operate, 3) has a relatively small foot-print, 4) has simple operations and maintenance protocol, and 5) is economical to implement. Trotsky and Pal [9] found that a similar system to the one used in this study can be implemented in the $50 per cubic yard of soil treated range. Agunwamba and Mbogu [23] found that biocells could be implemented at a fraction (1/20 th ) of cost compared to bioslurry treatment. A targeted criteria for this project required that all components be available at local merchants, such as industrial equipment suppliers and hardware stores, to make the design easy to implement.
More detail on the overall design and operation of the biocell design is provided below in the Materials and Method Section of this paper.
The objective of this study was to prove the utility of the proposed design using an on-site pilot system in terms of both system operation and economics using soil collected from an actual petroleum hydrocarbon contaminated site.
Secondary objectives were to track to removal of the petroleum within the cells, evaluated the data generated to assess system performance, and to document improvements that can be made in future applications.
Materials and Methods
Site History-The site at which this project took place was located in Pascagoula, MS, USA (30.3658˚N & 88.5561˚W which is the Southwestern Mississippi area) and was formerly home to a service station. Three underground fuel storage tanks had been leaking petroleum products (two diesel and one gasoline) into vadose zone surrounding the tanks for several years. The study was initiated in September and completed by November (temperature ranged from a low of 65˚F to a high of 88˚F with an average of 81˚F reported). Both diesel and gasoline were the petroleum products (referred to herein as total petroleum hydrocarbons or TPH) found in the tanks and were later found to make-up the pollution source in the soils surrounding the tanks (3 tanks were removed at the initiation of this study). The initial average TPH level in the soil was approximately 300 mg/kg of soil; however, the initial TPH concentrations from individual samples ranged from 2 to 929 mg/kg of soil, indicating that the TPH contamination was not homogenously distributed within the soil (which is typical of excavated soil from leaking fuel storage tanks). The soil was a grey, loamy sand with a low nutrient content (192 mg/kg ammonia and 32.5 mg/kg total phosphate) and contained an initial total aerobic, heterotrophic bacteria population of 2.5 × 10 5 colony forming units per gram of soil (which is common for most soils found beneath the O-horizon). The average moisture content of the soil was 14%, and the average pH was 7.6; both of which are within an acceptable range for initiating and sustaining biological treatment.
Description of the Biocell Design-As mentioned earlier, the centerpiece of biocell technology is the reactor used to house the pile of soil, which, in this case, which was two 20 cy capacity commercial roll-off garbage dumpsters (provided a duplicated test). The complete biocell design used is diagramed in Figure 1 . The dumpster provided structural stability by keeping the soil contained in a pile protected from the local climate, while also encasing the polluted soil in a safe container until the bacteria have degraded the pollution to an environmentally acceptable level. Each dumpster was lined with high-density polyethylene HDPE tarp which served as a cover (also provided by Pac Tec, Inc.). The cover was placed upon soil mass to protect the biocell contents from rain and reduce volatilization of petroleum products. The tarp was secured to the exterior of the dumpsters using elastic bungee cords to ensure that it would not be blown off by the wind. At the site, a small, prefabricated shed (10' by 10') was used to house the air blower and other miscellaneous equipment and supplies. All of the biocell components listed above were purchased from a local hardware store and home garden center, except for the blower which was purchased at a local industrial supply dealer.
Bacteria require nutrients, which were provided by pumping tapwater amended with a common agricultural fertilizer solution (liquid diammonium phosphate) and these reagents mixed within a 55-gallon drum. The fertilizer solution was irrigated onto the soil pile using a small electrical centrifugal pump with its suction hose immersed into the contents of the drum. Both vertical and horizontal gas sampling ports were installed during loading of the biocells (see Figure 2) . The purpose of these ports was to monitor the volatile organic compounds (VOCs) in the soil gases. Three vertical gas sampling ports were installed, equally spaced down the length of the dumpster. Two-inch, Schedule 40 slotted PVC pipe was buried approximately six inches from the geotextile material, and the pipe extended up approximately 5/2 feet, through the surface of the soil. The vertical sample ports were slotted over the bottom half of the vertical length of the pipe to provide free soil gas entrance into the tubes for sampling over the bottom half of the soil mass (allowed for bottom soil as analyses). Two horizontal gas sampling ports spanning the width of the reactor were installed approximately six inches under the surface of the soil. The horizontal sampling ports were constructed of half-inch, Schedule 40 slotted PVC pipe. All of the sample ports remained covered with a solid PVC cap when not in use to keep collected gases within the tubes and reduce gas loss between samplings.
Analytical Methods-Since organisms degrading TPH consume oxygen and produce carbon dioxide, the O 2 and CO 2 levels in the soil gas phase were moni- Chemical analysis of the soil samples was used to determine when the process had reduced the TPH contamination to acceptable levels and to monitor both the nutrients and bacterial levels present in the soil. TPH levels were monitored using a GC method analyzed using a Hewlett Packard Model 5890 GC using Supelco Gasoline Range Organics standards (GRO). All peaks detected within the elution times for the standard peaks from the GRO standard were reported as TPH. The soil was analyzed for TPHs by first extraction using 50% hexane/50% methanol using a Dionex auto extraction unit, followed by GC analysis.
The ammonia levels within the soil were analyzed using an aqueous extraction performed by mixing a 30% (w/w) slurry of soil and distilled water for several hours and analyzing the aqueous extract using an Orion 950 Ion Specific Analyzer after separated via centrifugation. The phosphate levels were measured as total phosphate using a similar soil extraction procedure except that the total phosphate levels in the aqueous phase were measured using a colorimeteric technique marketed by Hach Inc. Bacterial levels were monitored using heterotrophic plate counts. This enumeration technique provides an estimate of the aerobic microorganisms capable of degrading a variety of simple substrates.
Biocell Operation and Maintenance-Each of the two biocells was aerated three times weekly for one hour at a rate of one standard cubic foot per minute.
Aeration occurred three times each week. The soil gases were analyzed before aeration and thirty minutes after aeration was complete. Readings were taken by inserting the Gas-Tech analyzer probe into the three vertical and two horizontal gas sampling ports. The VOC levels were reported in ppm, while the O 2 and CO 2 levels were reported as a percentage. Once each week an Oxygen Uptake Rate (OUR) test was conducted to estimate the amount of O 2 consumed and CO 2 produced by the biomass. The OUR was completed by taking a third set of VOC, O 2 , and CO 2 readings approximately 3/2 hours after aeration was complete.
Soil samples were collected once every week. Six samples were collected from each biocell at varying locations and depths in the soil. The samples were collected in 250 ml plastic bottles and shipped to the laboratory for analysis. All samples collected were storied in ice-packed ice chests for transport to the laboratory.
The biocells were irrigated a total of six times over the course of the study, for any moisture to permeate the soil. To alleviate this, the surface soil was broken up by hand with shovels, allowing the moisture to seep in. This was done carefully to ensure that the soil was only loosened and not mixed.
Results and Discussion
Petroleum Degradation- Figure 3 shows the TPH levels in the soil over the entire length of the study, and Figure 4 shows the TPH levels in the soil from Day 5 until the completion of the study. Figure 4 presents an expanded y-axis to better view TPH removal trends over the portion of the study where TPH removal was much slower than the original rapid uptake exhibited in the early phase of the study. Note that all data processing with this study was done using Microsoft
Excel. The data in both graphs is an average of 12 samples, 6 from each biocell collected at each sampling event (time dependent events). The average initial TPH level in the soil was 261 mg/kg of soil. As shown in Figure 3 , by the fifth day of the study, the average TPH level had decreased to 32 mg/kg of soil. It is important to note that the State of Mississippi (and many other states) used a TPH value of 100 mg/kg as a remediation goal for the project. From Day 5 until the end of the study, the average TPH level decreased from 32 mg/kg to 10 mg/kg. Longer treatment times may have resulted in more removal, but given the target treatment was fat exceeded, the study was stopped at 90 days. Figure 5 shows the average VOC levels in the soil gas phase over the length of the study. These readings were recorded using the Gas-Tech multi gas analyzer, and the data shown is the average of the before aeration and after aeration readings from the vertical gas sampling ports buried within the two biocells. During first week of the study, the VOC levels in the soil gases were above 10,000 ppm, which is the upper detection limit of the meter, and as such, the meter read "over range". After twenty days, however, the VOC decreased significantly to approximately 3000 ppm. By the end of the study, the average VOC level in the gas phase was less than 200 ppm. Although not shown in a figure, the VOC readings taken from the sample ports buried just under the surface of the soil followed the same trend as shown in Figure 5 ; however, the VOC levels in the surface sample ports averaged less 20% of those measured in the deep sample ports. The initial average VOC levels in the surface sample ports was 1125 ppm, and this value also decreased to less than 200 ppm by the end of the study (same final values observed with the deeper soil gas VOC concentrations).
The data presented in this section indicate rapid removal of the TPH.
Granted, volatilization did make up a portion of this removal, the bulk of the removal appears to be biotic in nature given the low levels of air-phase volatile organic compounds measured in the upper soil levels over the first five days of the study. This conclusion is based on the small amount of air actually passed through the soil mass and the long-term presence of volatile organic compounds observed within the soil gases.
Oxygen and Carbon Dioxide Levels in Soil Gas Phase- Figure 6 presents the Figure 5 . Average gas phase VOC levels in biocells.
average O 2 and CO 2 levels in the soil before aeration as compared to TPH degradation in the soil, measured in the vertical gas sampling ports. The oxygen levels in the soil before aeration were less than 6% for most of the study, indicating that the organisms in the soil were consuming significant amounts of oxygen. As the TPH levels decreased, the O 2 levels increased, indicating less microbial activity. The O 2 levels before and after aeration are compared in Figure 7 .
These data shows that within thirty minutes of aeration, the O 2 levels had increased by an average of 57%. Presumably the increase in the O 2 levels was even greater as the air further permeated the soil. As evidenced by the data, conditions after aeration were more favorable for aerobic processes to occur. The O 2 levels in the surface sampling ports remained between 17% and 20%, approximately ambient conditions, during the entire length of the study.
As shown in Figure 6 , after the first five days of the study, the average CO 2 levels measured in the vertical gas sampling ports ranged between 11% and 18%, Figure 6 . Average TPH, O 2 , and CO 2 levels in soil gas phase (oxygen and carbon dioxide measured prior to aeration). indicating that significant amounts of CO 2 were produced. As TPH levels decreased, the CO 2 levels decreased, further indication of reduced microbial activity. With few exceptions, the average carbon dioxide levels were higher before aeration, indicating that the CO 2 was produced; however the decrease in the amount of CO 2 present after aeration was less than 6%. The CO 2 levels remained between 10% -15% even after aeration. As with the O 2 , the average CO 2 levels in the surface sampling ports remained fairly constant at less than 5% during the entire study. Comparison of the readings from the individual vertical gas sampling ports in each of the two biocells showed that the sampling ports furthest from the air blower contained the highest levels of O 2 and the lowest levels of CO 2 after aeration. This indicates that aeration was not well distributed across the total soil mass.
Oxygen Uptake and Carbon Dioxide Production Rates-The average oxygen uptake and carbon dioxide production rates were determined by calculating the change per day in the after aeration reading one day of operation and the before aeration reading of the next day of operation. Figure 8 shows the average O 2 and CO 2 production rates per day as compared to TPH degradation over the entire length of the study. As expected, when the TPH levels were high, the oxygen uptake rate (OUR) and carbon dioxide production rate (CDPR) were high. As the TPH levels decreased, the OUR and CDPR also decreased, indicating a reduction in microbial activity.
Nutrient Levels-Environmental conditions in the soil, such as pH, nutrient levels, and moisture content were also measured during the study. Table 1 summarizes the initial nutrient and physical conditions of the test soil (loamy Figure 8 . TPH, OUR, and CO 2 production (CDPR) in biocells. sand). Figure 9 shows the total phosphate and ammonia concentrations in the biocells analyzed in the soil over the course of the study. Increases in the total phosphate concentration can also be seen after 
Conclusion
As shown by the data, biocell treatment was an effective method of removing TPH contamination in soils. In particular, the simple biocell design proved to be a good system for treating small volumes of contaminated soils. Within five days, the TPH levels in the soil were reduced from approximately 260 mg/kg to less than 50 mg/kg of soil, and the final TPH levels were approximately 10 mg/kg.
The total TPH removal was about 96%. The VOC levels in the soil headspace also decreased significantly during the study, from over 10,000 ppm to less than 2000 ppm. Significant increases in oxygen uptake and carbon dioxide production as well as biomass population indicates that microbial activity was believed to be the mechanism responsible for the observed decrease in TPH. The oxygen uptake and carbon dioxide rates corresponded well with TPH removal in both the soil and air phase. At the beginning of the study the oxygen uptake rate and carbon dioxide production rate were higher, and as the carbon source declined, the oxygen uptake and carbon dioxide production decreased. The addition of phosphate and ammonia increased the amount of nutrients available, while the moisture content and pH of the soil remained relatively constant over time.
Additional Notes on System Operation
The construction and operation of the biocells was found to be relatively simple; however some challenges were encountered over the course of the study. Aeration appeared to not be well distributed across the soil mass. The areas of the biocell furthest from the air blower had the highest levels of oxygen, while the areas in the center of the biocell had the lowest. Overall, however, aeration significantly increased the amount of oxygen in the soil, allowing for aerobic conditions to predominate. It is suggested that system in the future be designed to allow air injection on both sides (multiple locations) to facilitate improved aeration distribution. Also, there was a problem with the surface soil becoming compacted over time, making it difficult for the aqueous nutrient solution to permeate the soil. This was alleviated by breaking up the surface of the soil with a shovel. Despite these challenges, biocell treatment was successful for removing the TPH contamination at this site. This process may be more challenging for soil volumes in excess of 20 cubic yards due to difficulties transporting the soil within a loaded biocell/dumpster. In fact, the truck used to move the remediated soil used in this study had difficulties loading each dumpster onto its transport racking; however, both were eventually loaded and dumped as a recovered soil source that was later used as construction fill. Note that the final calculated per cubic yard treated estimates indicate that the technology as applied could be implemented for less $80/cy.
